Abstract-In this paper, we consider the problem of attitude control of a helicopter experimental system. We design a nonlinear controller which combines nonlinear adaptive robust control and nonlinear feedback controls. Simulation and experimental results show the effectiveness of the proposed method.
I. INTRODUCTION
Attitude control for helicopters is an important control topic in nonlinear feedback design, due to the nonlinearity of the dynamics and strong interactions between variables. Concerning with this topic, many works have been developed (for example, [1] ,etc.). Recently, we gave a combined adaptive and non-adaptive attitude control method [2] based on adaptive sliding mode control method [4] , [5] and some conventional control methods [3] for our helicopter experimental system. In [2] , it is assumed that the structure of the uncertainty was known but the parameters were unknown. In this paper, we extend the result in [2] to more general case. The detailed explanation is shown as follows. In this paper, we give an MIMO nonlinear controller design method, where one part of uncertainty is in known structure with unknown parameter and another part is assumed that the structure is unknown with known upper-bound. Further, a nonlinear controller is added for controlling the known nonlinear dynamics obtained by estimation from experiment by using the result in [6] . As a result, the proposed controller is a combined controller, namely, combined nonlinear adaptive and nonlinear attitude controller for two kind of uncertainties based system parameters estimation. Further, the robust stability of the proposed control is also ensured. Finally, some numerical simulations and some experimental results are given to show the effectiveness of the proposed scheme by our 2 degrees of freedom nonlinear helicopter experimental system.
II. EXPERIMENTAL SYSTEM MODELLING AND PARAMETERS ESTIMATION
In research of the attitude control of a helicopter, 2 degree-of-freedom helicopter is used in many studies. Also in this research, proposed control scheme is verified by using 2 degree-of-freedom helicopter.
The experimental system is 2 input 2 output which attaches the motor for turning a main rotor (6) are used in order to erase the angular acceleration(p) of equation (4), and the angular acceleration(y) of equation (5) (See Appendix A). Using a constant ,u > 0 equation (4) where, it is referred to as f(x(t).t), g(x(t).t) when the parameter of f (x(t), t), g (x(t), t) are c, d. And, it referred to as Af(x(t),t), Ag(x(t),t) when the parameters of
Substituting these variables into equation (63), then and filter variable b defined by tdt hen quto then equation (7) becomes
( ++i) [alp +(a2-Haj)bl + a34b2 + a4b 3 b0 = 0 (10) If this differential equation is solved, it will be set to ajp + (a2-aj)bl + a3b2 + a4b3 = P + Ce-tl (II) C is a constant and for large t (, > 0), it can be assumed as Ce-A' -0. Equation (11) In order for Af (x(t), t) + Ag(x(t), t)'u(t) to fulfill matching conditions for sliding mode control, it is necessary to calculate h (x (t), u (t), t) defined by g(x(t),t)h(x(t), u(t), t) = Af (x(t), t)+Ag(x(t), t)u(t) (20) then t()=f(x(t), t)+-(x(t), t)h(x(t), u(t), t)+-(x(t), t)u(t) (21) from equation (19) . h(x(t), u(t), t) is called the uncertainty of a definite part, and consists of known model configuration and unknown parameters [2] . In this paper, control law is designed by using 
This model is linear, does not contain acceleration and is used to identify unknown parameters in a.
Moreover, Ah(x(t), t) is called uncertainty of an indefinite part and is a unknown model. However, it is referred to as
Ah(x(t), t) || < Tj(x(t), t)
and upper-bound value function r (x (t), t) is considers as bounded and known.
IV. ATTITUDE CONTROLLER DESIGN
In this section, the proposed controller is shown. The controller has six parts. Further, the robust stability of the control system with the proposed controller is ensured. where, r, is the set point of x1, and r2 is the set point of X2. A switching surface is designed as (37) 0 (t) = (X(t),u(t), t)T(Sg((t),t)) Ta (38) F(S9(x(t), t) (X(t), u(t), t)) Ta where, F is a positive definite symmetrical matrix, and it is introduced in order to adjust the rate of identification. And the control input to the term of a presumed error is calculated by
h(x(t),u(t),t) = 
4)(x(t),u(t),t)O
Controller for the uncertainty of an indefinite part The control input to a unknown model design with ull (t) = (utll ) = -r1(x(t), t)X(x(t), t)
The control parameters in (4) and (5) Controller for a set-point variation ur(t) is needed when a set point varies.
where, Pr(t) shall be bounded. The derivative of V from equation (44) is
where, it is the Schwarz inequality V < _ KCJK-CTK,A(a) (orsTs(X (t) t)) ry(X(t),t)
Ah(x(t),t) < -aTK a_ CT KA(C) (AAA T2 = 3 te*J+) ( 
50)
The sampling time is set to Ims. A simulation result is shown in Fig. 2 . Even if the uncertainty of an indefinite part (45) existed, when the upper-bound value function was known, the control objective was attained and the effectiveness of this proposal approach has been verified.
(46) B. Experiment 2 degree-of-freedom helicopter produced by this research is shown in Fig. 3 . We experimented using this 2 degree of freedom helicopter. The set point was changed and the disturbance was given at near 40 seconds. 
Since a-is negative definite, the stability of the system is ensured.
V. SIMULATION AND EXPERIMENT

A. Simulation
Simulation for the case with the uncertainty /Ah (x (t), t) and the upper-bound value function r1 (x (t), t) is performed. The other parameters are the same as (48) and (50). An experimental result is shown in Fig. 4 . Even if the set point varied, it has verified that it is robust to disturbance.
VI. CONCLUSION
In this paper, attitude control scheme for a helicopter experimental system is given. Simulation and experimental results confirm that the proposed method is effective.
(51)
From the equation (1), (2) In order for /f (x(t), t) + Ag(x(t), t)u(t) to fulfill matching conditions, it is necessary to calculate h (x (t), u(t), t) used as g(x(t), t)h(x(t), u(t), t) = A f (x(t), t)+Ag(x(t), t)u(t)
Although equation (66) -Ad3sinxi /Ad1sinx1 / Then, f (x (t), t), g (x(t), t) are f(x(t),t)
()=f(x(t), t)+-(x(t), t)h(x(t), u(t), t)+-(x(t), t)u(t)
f(x(t), t) + A f (x(t), t) g(x(t), t) g(x(t), t) + Ag (x(t), t)
If it substitutes for t~(t) = f (x(t) , t) + g(x(t), t)u(t) an equation of state will be set to t(t) = A (x(t), t) + +f (X(t), t) /Ag(x(t), t)u(t) + g(x(t), t)u(t) 
